Abstract. Evaporite deposits may represent significant sinks of mobile cations (e.g., those of Ca, N, Mg, and Fe) and anions (e.g., those of C, N, S, and Cl) among the materials composing the Martian surface and upper crust. Carbon and nitrogen are especially interesting because of their role as atmospheric gases which can become incorporated into crustal rocks. However, the nature of evaporite precursor brines formed under Martian conditions is poorly understood. To date, only a very limited number of laboratory investigations have been reported which have any bearing on a better understanding of various processes related to brine or evaporite formation on Mars. Here we report on preliminary laboratory experiments that exposed igneous minerals analogous to those in Martian (Shergottites, Nakhlites, and Chassigny (SNC) group) meteorites to a simulated Martian atmosphere and pure, deoxygenated water. Analysis of the water over intervals of time approaching 1 year showed that atmospheric gases dissolved to form carbonate and nitrate ions while minerals dissolved to form sulfate and chloride along with various cations. On an annual basis, ion formation gave a carbonate/sulfate ratio that is comparable to the ratio found among salts in SNC meteorites. The sulfate/chloride ratio of the experimental brines is higher than in SNC meteorites but lower than in surface soils measured at the Viking and Pathfinder landing sites.
Introduction
There is strong evidence that Mars once had a thicker atmosphere, and that water at one time flowed on its surface [Cess et al., 1980; McKay and Stoker, 1989; Pollack, 1979; Pollack et al., 1987; Sagan and Mullen, 1972; Toon et al., 1980] . Among the earliest and most compelling evidence are the geomorphic features that suggest large-scale fluvial activity [Baker, 1978; Pieri, 1980] . Presently, the average atmospheric pressure at the surface of Mars is 6.5 mbar, and liquid water is scarce or nonexistent [Brass, 1980; Farmer, 1976; Ingersoll, 1970] . For water to have been stable on Mars there must have been epochs characterized by higher atmospheric pressures and warmer temperatures. Using a one-dimensional radiativeconvective climate model, Pollack et al. [1987] examined the question of whether early Mars could have been kept warm by the greenhouse effect of a dense CO 2 atmosphere. Their results showed that with the solar flux that was likely to have existed 3.8 billion years ago, CO 2 pressures of from 1 to 5 bars would have been required for liquid water to be stable at the surface of Mars. However, the effects of cloud formation by the condensation of CO 2 were not considered [Kasting, 1991] . More recently, the formation and radiative properties of CO 2 clouds on early Mars have been investigated theoretically [Forget and Pierrehumbert, 1997] . Their results showed that Mars could have been warm and wet with only a few hundred millibars of atmospheric CO 2 owing to infrared scattering within CO 2 clouds and an enhanced greenhouse effect.
Evaporites, particularly carbonates, nitrates, and sulfates may be major sinks of volatiles scavenged from the Martian atmosphere [Kahn, 1985; Pollack et al., 1987; Yung, 1989] . The conversion of atmospheric CO 2 into carbonate is hypothesized to have degraded the Martian climate to its present state of a generally subfreezing, desiccated desert (for detailed review, see McKay and Stoker [1989] ). The rate for such a conversion under Martian conditions is poorly known, so the timescale of climate degradation by this process cannot be easily evaluated. If some models are correct [e.g., Carr, 1989; Fanale et al., 1982; Kahn, 1985; Pollack et al., 1987] , carbonate formation may have been fast on geologic timescales. The experiments of Booth and Kieffer [1978] also imply fast (10 5 -10 6 years) removal of atmospheric CO 2 by means of carbonate formation. However, the results of Booth and Kieffer are brought into question by more recent work [Stephens and Stevenson, 1990; Zent and Roush, 1993] . Furthermore, modeling of the early aqueous geochemistry of Mars [Schaefer, 1993] suggests timescales for the removal of 1 bar of CO 2 of the order of 1 Gy. The timing of formation of many of the fluvial features observed on Mars is, in large part, dependent on when and how fast the atmosphere changed. A knowledge of the rate at which carbonates and nitrates formed is also essential to assessing the probability that life, or its chemical precursors, could have developed on Mars [McKay and Stoker, 1989] .
The presence of water-soluble cations and anions in the Martian regolith has been the subject of speculation for some time [Malin, 1974] . Viking lander data provided evidence for salt-cemented crusts on the Martian surface. This evidence is in the form of lander imagery of friable soil layers and planar fragments of disturbed soil [Moore et al., 1977; Mutch et al., 1977] . X-ray fluorescence analysis of Martian soils that were cemented into clods and crusts showed that they contained some 50% more sulfur and chlorine than did the loose surface soils [Arvidson et al., 1989; Clark et al., 1976] . Martian sulfur is very likely to exist in the form of sulfate, and chlorine is likely to exist in the form of chlorides [Clark et al., 1976] , chlorates, or perchlorates [Oyama et al., 1977] . Following the Viking landings, there was considerable discussion of other saltforming materials which should exist on the Martian surface, including carbonates [Gooding, 1978] and nitrates [Yung, 1989; Yung et al., 1977] . Earth-based IR spectroscopic observations have placed upper limits on the presence of carbonates (1-3%) as well as sulfates (10 -15%) and other hydrates on the Martian surface [Pollack et al., 1990] . However, even more recently, the case for carbonates on Mars has been complicated by the report of experiments on the photochemical instability of surface carbonates under Mars conditions [Mukhin et al., 1996] . Carbonates have also been detected in the Shergottites, Nakhlites, and Chassigny (SNC) meteorites that are commonly believed to have a Martian origin [Gooding et al., 1988] . Brine evaporation has been invoked to explain the unique Mg-Fe-Ca carbonates within fracture zones of the ALH 84001 Martian meteorite [McSween and Harvey, 1998; Warren, 1998 ]. These carbonates are distinguished by their lack of associated salts (especially sulfates) and secondary hydrated silicates. Although these peculiarities present problems for explaining the ALH 84001 carbonates as products of hydrothermal activity, they are consistent with an evaporitic origin. McSween and Harvey [1998] note that near the edges of evaporating terrestrial alkaline lakes, precipitation sequences often result in carbonate zones showing progressive Mg enrichment without associated salts. Warren [1998] postulates that the ALH 84001 carbonates could have formed as evaporite deposits from Martian floodwaters that receded quickly in the vicinity of the rock relative to the rate of evaporation.
If the crusts observed at the two Viking landing sites are, in fact, cemented by salts and these crusts are globally widespread, as infrared thematic mapper-derived thermal inertia studies of the Martian surface seem to suggest [Jakosky and Christensen, 1986] , then evaporite deposits, probably at least in part derived from brines, are a widespread component of the Martian regolith.
The implications of the exact composition of Martian evaporite deposits are fairly important for understanding the evolution of Mars' climate. For example, Ca and Mg carbonates, which are thermodynamically stable on Mars today [Fegley and Treiman, 1992] , are unstable in the presence of SO 2 [Clark and Baird, 1979] . On the other hand, theoretical modeling of likely precipitates [DeBraal et al., 1992] indicates that dolomite (CaMg(CO 3 ) 2 ) should be the primary carbonate precipitate upon evaporation of model Martian groundwater in contact with Martian basalt. Volcanism in Mars' past was almost certainly responsible for producing atmospheric SO 2 , complicating the picture for carbonate formation and stability. Similarly, volatiles derived from volcanic activity, such as HF, HCl, and H 2 SO 4 , would have profound effects on the nature and stability of SO 4 and Cl salts, both inferred to be present in large abundances by the Viking landers. Although gypsum (CaSO 4 ⅐ 2H 2 O) is the major SO 4 precipitate from theoretical modeling [DeBraal et al., 1992] and is a likely product from the weathering of Martian basalt due to volcanic gases [Malin, 1974] , its presence as the major martian sulfate is deemed unlikely [Clark and Van Hart, 1981] .
Martian groundwater near the freezing point, if it was in equilibrium with a CO 2 atmosphere, should have had a low pH and rapidly accumulated a dissolved load of ions from crustal igneous rocks. When groundwaters emerged onto the Martian surface, they carried their dissolved loads with them. A variety of evolutionary paths are then possible, but all lead to concentrated brine formation and precipitation of evaporites. Either the water evaporated into a low-relative humidity atmosphere, or it froze in place and was subsequently sublimated to a cold trap (such as the poles), or both. In either case, solutes are concentrated as H 2 O molecules are removed from the liquid phase, and, eventually, some residual liquid could not entirely be lost by infiltration, because precipitation of salts and freezing would eventually seal the underlying sediments [Clifford, 1993b] . Brines probably existed on Mars at some point in its history; open issues remain regarding the amount of brine, the climate at the time it erupted onto the surface, its evolution to the present state, and the location of the salts it deposited. The composition of liquid brines in the subsurface, which may not only be major agents of physical weathering [Malin, 1974] but may also presently constitute a major deep subsurface liquid reservoir [Clifford, 1987; Clifford, 1993a] , is currently unconstrained by experimental work. A knowledge of the chemical identity and rate of production of Martian brines is a critical first-order step toward understanding the nature of both these fluids and their precipitated evaporites.
There is a substantial body of laboratory evaluations of mafic rock aqueous dissolution under terrestrial conditions (for example, Chou and Wollast, [1984] , Holdren and Berner [1979] , Nagy et al. [1991] , Westrich et al. [1993] , and references therein). These provide both guides to laboratory procedures as well as the anticipation of meaningful results within timescales of a year. The kinetics and mechanisms of weathering of feldspars have been reviewed and experimentally investigated by various researchers [Chou and Wollast, 1984; Holdren and Berner, 1979] . Although most of the recent work has focused on the details of the weathering mechanism (i.e., the formation of a depleted layer through which reactants must diffuse and the role of precipitation reactions), very little of it has application to the weathering of a suite of Mars-like rocks under Mars-like conditions. Chou and Wollast [1984] studied the kinetics of the weathering of albite under room temperature and pressure conditions using a fluidized bed reactor. Since their experiments were performed at a variety of pH levels, their results may have some limited applicability to the currently proposed study of Mars mineral aqueous weathering rates. Westrich et al. [1993] have studied the dissolution kinetics of mixed-cation orthosilicate minerals, primarily to investigate the effects of intermediate compositions in binary solid solution series. In addition, they showed that many minerals exhibit similarities in their pH and temperature dependence of dissolution rates. Although this work is relevant to understanding the pathways by which mass is exchanged with an aqueous solution during weathering and is helpful in scaling kinetic data to Mars-like conditions, it is obvious that experiments directly related to the weathering processes on Mars are badly needed. We derive our experimental techniques from the approaches of Westrich et al. [1993] and Holdren and Berner [1979] .
Mars Brines Experiment
The Mars brines pilot experiment was developed and performed in a Mars simulation facility at the NASA Ames Research Center. Laboratory experiments were conducted to determine the identity and production rate of water-soluble ions that form in initially pure liquid water in contact with a Mars-like mixture of gases and unaltered Mars-analog minerals. Individual pristine minerals were used to simulate Martian rocks and have been chosen on the basis of SNC basaltic meteorite mineralogy as outlined by McSween [1985] . We selected SNC basaltic meteorites because of the substantial evidence that these materials originated from several locations on Mars and because their mineralogy is known [McSween, 1985] . The pyroxenes were represented by augite (Ca-Mg rich), forsterite (Mg rich) was selected as the suitable olivene, and for the feldspars, anorthoclase (K-Na rich) was used. Ilmenite served as the representative oxide while pyrite was used as the best candidate sulfide. Finally, the chlorophosphates were represented by chlorapatite.
Pristine specimens of the individual minerals were crushed and sorted to produce particles of nearly uniform size (between 1 and 2 mm). Next, the minerals were mixed in proportion to the averaged abundance of minerals found in SNC meteorites. The mineral mixture we used was 57.2% augite, 25.26% forsterite, 13.14% anorthoclase, 3.14% ilmenite, 0.78% pyrite, and 0.48% chlorapatite. The mineral grains were obtained from the commercial firm Burminco of Monrovia, California. The grains were analyzed in the laboratory of Theodore Bunch at NASA Ames Research Center using the protocol of standard electron microprobe mineral analysis, corrected for mass adsorption and fluorescence utilizing the atomic number, adsorption, and fluorescence (ZAF) correction program. He used the NASA Ames electron microprobe mineral standards. The mineral compositions given in Table 1 are accurate to Ϯ0.02 wt %. The mixing of the minerals was done at the individual experiment sample level to avoid density sorting among experiment samples. Starting mineral mixtures were analyzed for composition by scanning electron microscopy (SEM) microprobe. The results of this analysis are expressed as weight percent oxides in Table 1 .
The specific surface area of the crushed, sorted, and mixed rock mixture was determined by the adsorption of N 2 . Standard laboratory techniques [Brunauer et al., 1938] were used to obtain the N 2 adsorption isotherm at 77 K, and a Brunauer, Emmett, and Teller (BET) analysis of N 2 vapor pressure drop was used to calculate surface area. In addition, by carefully washing unused rock mixtures and retaining the small particles we were able to estimate the small size fraction. We determined the overall specific surface area of the rock mixtures used in the experiments to be 0.68 m 2 /g, and the small size fraction represented no more than ϳ1% of the total mass of the mixtures.
The experimental apparatus is illustrated in Figure 1 . The main components consisted of nine identical, hermetically sealable sample containers made of teflon, each with an interior volume of 250 ml. The lid of each container had two ports to which were fixed stopcocks in order to provide gas flow access to the headspace when needed. Seven of the containers were kept within a large bell jar which was sealed to its base plate with vacuum grease. The bell jar base contained two gas ports, each with a valved stainless steel gas line running from the exterior of the base. One line was attached to a cylinder of gas with the same mixture as that of the Martian atmosphere (95.50% CO 2 , 2.70% N 2 , 1.60% Ar, 0.13% O 2 , and 0.07% CO) [Owen et al., 1977] . The entire assembly of bell jar and enclosed sample containers was contained within a large insulated freezer whose interior was maintained at a temperature of 293 Ϯ 0.5 K. This was a mechanically easy temperature to maintain and therefore simplified the experimental apparatus considerably. The remaining two sample containers also resided within the freezer as controls. Four additional containers were then also assembled with their lid ports sealed. These four containers were used as transfer vessels to carry fluid from the site of the experiment to the commercial facility where fluid analysis took place. The pilot experiment consisted of nine samples, contained in each of the nine Mars environment vessels. The experimental matrix is shown in Table 2 . Five of the samples were composed of 50 g of sorted and mixed minerals, acting as unaltered Mars rock analogs, immersed in 100 ml of deoxygenated, doubly distilled liquid H 2 O. The headspace contained a 1 bar mixture of the synthetic Mars atmosphere. Two reference sample containers were filled with the same materials as those just discussed but with Earth atmosphere in the headspace. The results of the analysis of the control sample fluids were used to provide some comparison between the "Martian" and terrestrial environmental influence, which, in this case, was only the difference between the two atmospheric compositions. Finally, two control sample containers held 100 ml of deoxygenated, doubly distilled H 2 O and Martian gas mixture in the headspace but with no rock particles.
The Mars rock analog consisted of the six minerals measured by mass and mixed together. Sample containers were filled with the mineral mixture and deoxygenated, doubly distilled H 2 O inside a glove box which was filled with dry argon while maintaining a positive pressure within the glove box throughout the filling procedure. The sample containers were then attached, one at a time, to a vacuum and gas-mixing manifold and partially pumped down, then filled with the Mars gas mixture. The two control rock-filled containers had 100 ml of deoxygenated, doubly distilled water added to them and then were sealed with the terrestrial atmosphere in their headspace. The seven containers which had Mars gas in their headspace were placed within the bell jar, which was then also filled with Mars gas. The purpose of the bell jar was to insure against leakage of terrestrial air into the containers. The temperature was periodically monitored with a mercury thermometer which was located within a depression on the bell jar base. The rock-gas-water or gas-water mixtures were stored and allowed to react at a constant temperature of 293 K for specific time durations, after which the reaction was stopped by the removal of the fluid. The individual run durations were chosen on the basis that most chemical reaction rates (including those that are grain rind diffusion-limited) decay exponentially with time. When sample interaction was terminated, the containers were removed from the bell jar, which was afterward flushed with Mars gas for 15 min. The sample containers were attached to the vacuum and gas-mixing manifold so that headspace gas samples could be taken. This was done to verify that there had been no O 2 contamination from the terrestrial environment. The gas analysis was conducted with a Varian 3200 gas chromatograph. Next, the fluid from the sample containers was decanted to a transfer container. The transfers were accomplished inside a glove box filled with argon and delivered within 24 hours to a commercial laboratory. After the fluid transfer procedure was finished, the chamber was kept within the argon-filled glove box until immediately prior to the movement of the samples from the lab site to the analysis site. The fluids from the samples were analyzed for their pH and for a number of cations and anions. , and NO 2 Ϫ were measured using UV-visible spectrophotometry. The carbonate analysis presumed alkalinity (when pH Ͻ 8.5) was due to carbonate. All sample analyses were performed by a commercial laboratory, Cater Analytical Laboratories of Campbell, California using Environmental Protection Agency (EPA) 
Experiment Results
The direct results from this pilot project are the cation and anion concentrations found in the liquid in the Mars environment vessels, as a function of time. The solutions produced in the experiments are dilute relative to terrestrial brines, so we shall refer to them as Mars-analog brine precursors. Nevertheless, our experience with this project has proven that a laboratory approach to the investigation of Martian brines is feasible. The results are given in Table 3 . We did not pass our sample fluids through a micropore filter prior to analysis. We note that the results for Al and Ti may be suspect for this very reason. Plots of the ion abundances are shown in Figures 2 and 3. In Figure 2 the initial analysis (at 24 hours) shows that significant concentrations of Ca 2ϩ , Mg 2ϩ , Na ϩ , and Al 3ϩ are immediately established. Over six months the general trend is for all cations to rise in abundance, 1-3 orders of magnitude. The exception is Mg 2ϩ , whose abundance peaks at ϳ100 days and then steadily declines. From six months to 1 year, cation concentrations either decline or remain the same. Looking at Figure 3 , the anions SO 4 2Ϫ , SO 3 Ϫ , and NO 2 Ϫ show a similar trend, with CO 3 2Ϫ , Cl Ϫ , and F Ϫ concentrations behaving like that of the Mg 2ϩ cation. The average rates of formation of all cations and anions in the Mars-analog brine are shown in Table 4 .
In order to estimate the control of fluid composition due to precipitating species we used the aqueous geochemistry code PHREEQC [Parkhurst et al., 1990 ] to model the conditions of our experiment. Ion concentrations derived from the laboratory results at each time step were used as input parameters; the code calculated saturation indices for the suite of minerals expected from the mixtures. These calculations showed that fluid composition in the experiment was controlled primarily by the precipitation of anyhdrite (CaCO 4 ), with smaller amounts of barite (BaSO 4 ) and gibbsite (Al(OH) 3 ) as precipitating species. 
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The scope of the pilot experiment did not include the formation and characterization of resulting Mars-analog evaporites. The composition of an evaporite deposit depends not only on the composition of its parent brine but also on environmental factors such as the evaporation rate, the brine temperature, relative humidity, and barometric pressure. For example, when a brine freezes, many of the resulting minerals are strongly hydrated because the amount of hydrogen bonding available for cations increases at lower temperatures. As a result, a brine concentrated by evaporation may precipitate gypsum (Ca 2 SO 4 ⅐ 2H 2 O) after its volume is reduced by a factor of 4.5. However, the same brine, concentrated by freezing, will precipitate mirabilite (Na 2 SO 4 ⅐ 10H 2 O) at a fourfold concentration because of the decrease in solubility of mirabilite in cold water [Sonnenfeld and Perthuisot, 1989] . The calcium will go into other phases. Since the composition of an evaporate deposit depends on the thermodynamic path traversed from brine to evaporite, we are unable to predict the nature of the evaporites that could result from our Mars model brines. However, by comparing the cation and anion concentrations with the solubilities of their corresponding salts a rough estimate of the composition of a candidate evaporite can be made. We have modeled the precipitation of salts that would occur during evaporation of the fluids generated in this experiment. For this we used the computer code PHREEQ, a standard geochemical modeling package from the U.S. Geological Survey [Parkhurst et al., 1990] . PHREEQ is based on an ion association aqueous model and has capabilities for (1) speciation and saturation index calculations, (2) reaction path and advective transport calculations involving specified irreversible reactions, mixing of solution, mineral, and gas equilibria, surface complexation reactions, and ion exchange reactions, and (3) inverse modeling, which finds sets of mineral and gas mole transfers that account for composition between solutions, within specified compositional uncertainties. This modeling shows that the primary evaporites produced from our Mars brines precursor would be gypsum, anhydrite, aluminum hydroxides, and fluorite (Plate 1). Smaller amounts of calcite and dolomite would subsequently precipitate out as the brines became more concentrated.
In order to assess the relevance of the experimental rates of solution derived in the pilot brines experiment the ion formation rates presented in Table 4 may be approximately scaled to Mars conditions. If we assume experimental conditions of 293 K and that sufficient liquid water is available for reactions to proceed as they do in these experiments, we may estimate the rate of solution of important volatile species. This is done in the absence of any other laboratory-derived data and only represents a zero-order estimate of such reactions for early Mars. With these caveats, we find that carbon may be dissolved in liquid water on Mars at a rate of as high as 10 14 g/yr, resulting in the equivalent of ϳ1 bar of CO 2 dissolved in 10 7 years. A similar simple analysis yields 10 13 g/yr of dissolved sulfur, or 10 8 years for the equivalent of ϳ1 bar of dissolved sulfur, and 10 10 g/yr of nitrogen, or 10 11 years for the equivalent of ϳ1 bar of nitrogen.
Discussion
Since chemical weathering has most likely been an important part of the evolution of the Martian surface, a number of workers have attempted to theoretically determine likely salt and secondary mineral assemblages that are derived from the primary basalts. Clark and Van Hart [1981] , using a variety of chemical and thermodynamic arguments, found that the most likely salts to be found in the fine-grained regolith of Mars are MgSO 4 , NaSO 4 , NaCl, MgCO 3 , and CaCO 3 . Gooding [1978] used mineral reaction diagrams to calculate chemical weathering products on Mars. In the presence of CO 2 , O 2 , and H 2 O at 273 K, he found that carbonates of Mg, Ca, and possibly Na were stable products of weathering in the presence of liquid water. Free-energy minimization computations were employed by Sidorov and Zolotov [1986] to predict the presence of Ca and Mg sulfates, as well as NaCl, as secondary products of basalt chemical weathering under Martian conditions. More recently, DeBraal et al. [1992] have modeled water-atmosphere-rock interactions using heterogeneous chemical equilibrium calculations, in order to predict the possible composition of Martian groundwater as well as to determine possible equilibrium mineral assemblages.
A first-order comparison between theoretical analyses of the probable constituents of Martian brines and laboratory data is now possible. DeBraal et al. [1992] calculated the effect of weathering a basalt of Shergotty meteorite composition with pure water buffered at Martian atmospheric values of CO 2 and O 2 . Composition data for their calculations were from Smith et al. [1983] . Because values of sulfur and chlorine were not reported, they assumed that the rock also contained 165 ppm NaCl and 1375 ppm FeS, values which are median in range for terrestrial basalts. Their heterogeneous chemical equilibrium calculations were performed for a range of water/rock ratios and included a ratio of 2:1, the ratio at which the Mars brines experiments were performed.
A significant result of our experiment is that both the most abundant cation and the most abundant anion, Mg ϩ and total carbonate, agree with the theoretical model of Martian brines of DeBraal et al. [1992] . In both the experiment and the theoretical calculations, total carbonate abundances are ϳ100 ppm by mass, approximately the same as for terrestrial seawater. Mg ϩ abundances are also in agreement, at ϳ5 ppm, which is significantly depleted (by a factor of 100) with respect to terrestrial ocean abundances. There are important departures from this agreement between the theoretical model and our laboratory-derived data for the other ionic species. We measured high levels of Ca 2ϩ in the Mars-analog brine precursors, ϳ400 ppm, which is comparable to that found in terrestrial seawater. Most of this was probably derived from the augite, the major constituent of our Mars-analog rock. DeBraal et al. [1992] calculated abundances of Ca 2ϩ closer to ϳ10 ppm. Other significant variations between theory and experiment were found with respect to the important ions Na ϩ , Cl Ϫ , and SO 4 2Ϫ . In all cases, our experimental brine precursors were found to be lower in these ions than predicted by DeBraal et al. [1992] . However, disagreement should be anticipated here, since the abundances of these species in their model were selected on the basis of terrestrial rock values. Na ϩ and Cl Ϫ were depleted by a factor of 10 with respect to the theoretical model and by a factor of ϳ2000 with respect to the terrestrial oceans. Sulfate concentrations are more difficult to reconcile. Sulfate measured in the Mars-analog brine precursors was found at ϳ15 ppm, whereas DeBraal et al. [1992] calculated an abundance of ϳ1500 ppm, closer to that found in Earth's oceans. Most of the sulfur in solution was probably derived from pyrite, which, in the experiment, represented almost 1% of the total mass. Sulfur was contributed in the theoretical model of DeBraal et al. [1992] by FeS, at the significantly lower concentration of ϳ1500 ppm. The discrepancy in sulfate abun-dances between our experiments and the DeBraal et al. [1992] theoretical models was probably a result of increased precipitation of anhydrite in our experiments. The significantly higher Ca 2ϩ abundances in our experimental fluids likely aided the loss of sulfate due to precipitation.
It is worth noting and comparing our results with terrestrial groundwater-basalt interactions. The work of Siever and Woodford [1979] is especially interesting. Siever and Woodford dissolved fayalite, hypersthene, basalt, and obsidian in buffered solutions (25ЊC, pH 4.5 and 5.5) under air, N 2 , and O 2 over a period of up to six months. In their experiment, dissolution was more rapid when oxygen was excluded. They found that in oxygen atmospheres an Fe(OH) 3 precipitate armors mineral surfaces, thus inhibiting further dissolution. They speculate that in the Early Precambrian, weathering would have been more rapid before the appearance of plentiful free oxygen. Gíslason and Arnórsson [1993] , analyzing various Icelandic waters, noted that the stability of olivine and orthopyroxene decreases with increasing Mg content. They note that the dissolution of these minerals and plagioclase increases as pH of the water increases and decreases as the temperature increases. Gíslason and Arnórsson [1990] note that additionally, these waters are heavily saturated with common weathering minerals (e.g., smectites), which they speculate may be because of the small crystal size (hence increasing solubility) of the weathering products. experimentally altered basalts and analyzed their products. Principal alteration products included quartz, chrysotile, talc, kerolite, calcite, kaolinite, and smectite. Gíslason et al. concluded that these solids act as sinks for elements released during the basalt alteration and are important for controlling the chemistry of the altering fluid. The most relevant of these terrestrial investigations to our experiment is the role oxygen's absence plays in dissolution rates. The slight monotonic decrease in the pH (6.69 at day 1 to 6.32 at day 336) observed in our experiment might have played some role in increasing mineral dissolution with time.
Some of our results, such as that the solution at day 84 is discrepant from the trend, are difficult to explain. A possible explanation for the day 84 discrepancy is that there was some systematic error in sample analysis. An upward offset of the Plate 1. Simulated precipitation of salts (given in terms of saturation index), as a function of time, that could precipitate from fluids with the composition of those generated in this experiment. These results were arrived at using PHREEQ, which is a standard geochemical modeling package from the U.S. Geological Survey.
day 84 results would put them back on trend with the results of the other days. The magnesium decline after day 84 could be explained by the formation of some precipitate, such as smectite. The slight decline in most other cations between days 168 and 336 may similarly be attributed to precipitation. The cause of the 3 orders of magnitude increase of Ti between days 42 and 168 is unknown and remains under investigation. One possibility is that they passed unfiltered into the sample fluid in the form of very fine particles.
Other interesting results have emerged from our pilot run. In the ion analysis of the fluids we obtained an SO 3 /Cl weight ratio of 2.4. In contrast, the SO 3 /Cl weight ratio for the saltrich component of soils at the Viking lander sites was ϳ8.4 [Clark et al., 1976] , and at the Mars Pathfinder site (from alpha proton X-ray spectrometer measurements) it was ϳ8.8 [Rieder et al., 1988] . Newsom and Hagerty [1997] pointed out that neutral chloride hydrothermal fluids also have too low a S/Cl ratio to be the precursor of the mobile element component of the Mars soil. On the other hand, Newsom et al. [1999] demonstrated that a two-component model of Martian hydrothermal fluids consisting of mostly acid sulfate fluids with some neutral chloride component is consistent with Viking and Pathfinder measurements of the mobile element abundances. Martian brines as we have experimentally modeled them would have had to undergo further fractionation to explain the S/Cl ratios measured in situ on Mars. For the basaltic SNCs, this weight ratio was in the range of 0.1-1 [Gooding et al., 1990] , in contrast to the Mars Pathfinder average value of 4.6 for rock samples. This may suggest that Cl has been more mobile than S or that evaporites on Mars have developed through complex recycling of brines and consequent fractionation. Alternatively, temperature-dependent fractionation and equilibrium with warmer circulating fluids could have resulted in brines and ultimately evaporites with the S/Cl ratios seen in the mobile element component of the Mars soil. In particular, warmer fluids have dramatically different dissolved CO 2 loads (and hence pH), which would have a major impact on the relative rates of dissolution of S-and Cl-bearing minerals.
The weight ratio of CO 2 /SO 2 in our pilot experiment was 5.1, which may be compared to the estimates of ϳ4 for SNC meteorites [Gooding, 1992] . The congruence of these results suggests that salts in basaltic SNCs may be consistent with the precipitation of brines formed by meteoric water interacting with rocks of roughly SNC composition, followed by some degree of additional chemical fractionation to increase the S/Cl ratio.
Future Work
The pilot Mars brines experiment has allowed us to develop most of the apparatus and experimental techniques required to reliably design and perform a variety of experiments to answer fundamental questions regarding the composition rates of formation of Martian brines and evaporites. A second category of results from this experiment is the development of a rigorous protocol for future Mars brines experiments. Future experiments will follow closely the protocol established by this pilot project. Actual minerals to be used in the experiment will be thoroughly analyzed to determine their exact mineralogy. Xray fluorescence and X-ray diffraction techniques and SEM imaging will be used to aid in the determination of mineral and product phases. The basic apparatus will be modified to allow a continuous flow of headspace gases. Because the solubility of CO 2 is dependent on temperature, we expect that the formation rates and composition of brines will be affected strongly by fluid temperatures. In particular, although dissolved ion loads will be higher in higher-temperature hydrothermal systems, rates of dissolution may be lower owing to less dissolved CO 2 . This has implications for the removal of species from the atmosphere and the role of brine formation in climate change on Mars. Instead of conducting the experiments only at room temperature, additional runs will be performed at several different temperatures. The expanded experimental matrix will also include Mars reaction vessels with N 2 and SO 2 in the headspace in order to simulate the conditions of a Martian paleoenvironment. Finally, runs will be performed on a vitrified Mars-analog rock mixture, to assess the effects of glasses on the formation of Martian brines and evaporites. Atomic absorption spectroscopy and emission spectroscopy will be used, as well as standard wet-chemistry laboratory techniques.
The results of this experiment will provide a much wider understanding of the rates of formation and relative abundances of the common water-soluble cations and anions that could form in Martian brines. The dehydration of the model brine will then be used to create a model Martian evaporite. The model evaporites will be analyzed for their composition, microstructure, and physical relationship with the parent materials utilizing dispersive X-ray spectroscopy, backscatter, and secondary scattering modes of a scanning electron microscope. The physical properties of Martian brine can be evaluated by making solutions of brine at various concentrations, guided by the results of this experiment, and then measuring such parameters as density and freezing point. The model Martian brine can also be used in rock weathering experiments or calculations.
A future extension of this work will be to investigate the effect of brine composition on clay mineral chemistry. We anticipate that our future results will be compared to further thermodynamic models of equilibrium mineral suites precipitated from brines. Recent and ongoing missions to Mars will provide data sets that can be applied to the results of these laboratory experiments. Mars Global Surveyor's thermal emission spectrometer (TES), for example, has provided a tentative identification of sulfates on the Martian surface, while at the same time yielding upper limits for surface carbonate concentrations [Christensen et al., 1998 ]. Ultimately, future experiments will contribute to our ability to map a given suite of Martian evaporites in climatological history. This will not be uniquely possible until brine compositions can be derived, probably from fluid inclusion analyses in Martian samples, but it will be possible to place limits on some climatological variables.
